
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/51206844

Genetic analysis of inherited bone marrow failure syndromes from one

prospective, comprehensive and population-based cohort and identification

of novel mutations

Article  in  Journal of Medical Genetics · June 2011

DOI: 10.1136/jmg.2011.089821 · Source: PubMed

CITATIONS

47
READS

570

24 authors, including:

Some of the authors of this publication are also working on these related projects:

Interrupted Time Series View project

MRD working group View project

Elena Tsangaris

89 PUBLICATIONS   1,609 CITATIONS   

SEE PROFILE

Robert Klaassen

Children's Hospital of Eastern Ontario

181 PUBLICATIONS   3,600 CITATIONS   

SEE PROFILE

Conrad Vincent Fernandez

IWK Health Centre

299 PUBLICATIONS   7,283 CITATIONS   

SEE PROFILE

Markos Silva

Université Abdou Moumouni de Niamey

26 PUBLICATIONS   732 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Robert Klaassen on 21 May 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/51206844_Genetic_analysis_of_inherited_bone_marrow_failure_syndromes_from_one_prospective_comprehensive_and_population-based_cohort_and_identification_of_novel_mutations?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/51206844_Genetic_analysis_of_inherited_bone_marrow_failure_syndromes_from_one_prospective_comprehensive_and_population-based_cohort_and_identification_of_novel_mutations?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Interrupted-Time-Series?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/MRD-working-group?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elena-Tsangaris?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elena-Tsangaris?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elena-Tsangaris?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Klaassen?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Klaassen?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Childrens_Hospital_of_Eastern_Ontario?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Klaassen?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Conrad-Fernandez?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Conrad-Fernandez?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/IWK-Health-Centre?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Conrad-Fernandez?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markos-Silva?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markos-Silva?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Abdou_Moumouni_de_Niamey?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Markos-Silva?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Klaassen?enrichId=rgreq-6ec116862da08c4f5fcc23a5e3e6e5f3-XXX&enrichSource=Y292ZXJQYWdlOzUxMjA2ODQ0O0FTOjk5MDY5MzEzNjgzNDY0QDE0MDA2MzEzNzMyNjE%3D&el=1_x_10&_esc=publicationCoverPdf


Genetic analysis of inherited bone marrow failure
syndromes from one prospective, comprehensive and
population-based cohort and identification of
novel mutations

E Tsangaris,1 R Klaassen,2 C V Fernandez,3 R Yanofsky,4 E Shereck,5 J Champagne,6

M Silva,7 J H Lipton,8 J Brossard,9 B Michon,10 S Abish,11 M Steele,12 K Ali,13

N Dower,14 U Athale,15 L Jardine,16 J P Hand,17 I Odame,1 P Canning,1 C Allen,1

M Carcao,1 J Beyene,18 C M Roifman,19 Y Dror1

ABSTRACT
Introduction Inherited bone marrow failure syndromes
(IBMFSs) often have substantial phenotypic overlap, thus
genotyping is often critical for establishing a diagnosis.
Objectives and methods To determine the genetic
characteristics and mutation profiles of IBMFSs,
a comprehensive population-based study that
prospectively enrols all typical and atypical cases without
bias is required. The Canadian Inherited Marrow Failure
Study is such a study, and was used to extract clinical and
genetic information for patients enrolled up to May 2010.
Results Among the 259 primary patients with IBMFS
enrolled in the study, the most prevalent categories were
DiamondeBlackfan anaemia (44 patients), Fanconi
anaemia (39) and ShwachmaneDiamond syndrome (35).
The estimated incidence of the primary IBMFSs was 64.5
per 106 births, with Fanconi anaemia having the highest
incidence (11.4 cases per 106 births). A large number of
patients (70) had haematological and non-haematological
features that did not fulfil the diagnostic criteria of any
specific IBMFS category. Disease-causing mutations were
identified in 53.5% of the 142 patients tested, and in 16
different genes. Ten novel mutations in SBDS, RPL5,
FANCA, FANCG, MPL and G6PT were identified. The most
common mutations were nonsense (31 alleles) and splice
site (28). Genetic heterogeneity of most IBMFSs was
evident; however, the most commonly mutated gene was
SBDS, followed by FANCA and RPS19.
Conclusion From this the largest published
comprehensive cohort of IBMFSs, it can be concluded that
recent advances have led to successful genotyping of
about half of the patients. Establishing a genetic diagnosis
is still challenging and there is a critical need to develop
novel diagnostic tools.

INTRODUCTION
Inherited bone marrow failure syndromes (IBMFSs)
are complex genetic disorders characterised by
physical malformations and haematopoietic failure,
which result in single or multiple lineage cytope-
nias.1 2 Specific categories of IBMFSs also carry
a high risk of developing malignant diseases such
as myelodysplastic syndrome (MDS), leukaemia,
particularly acute myeloid leukaemia, and solid
tumours.1 3 It is often impossible to establish
a diagnosis based solely on clinical features because

of substantial overlap of haematological and
non-haematological manifestations and late
development of characteristic features of individual
conditions.4 Therefore the study of genes mutated
in IBMFSs is critical for establishing a diagnosis and
providing proper treatment and genetic counselling.
Multiple genes have been associated with IBMFSs.

These include genes involved in ribosome biogenesis,
such as those associated with DiamondeBlackfan
anaemia (DBA)5 and ShwachmaneDiamond
syndrome (SDS),6 genes involved in telomere main-
tenance such as the dyskeratosis congenita (DC)
genes,7 and genes involved in recombination DNA
repair such as the Fanconi anaemia (FA) genes.8

Aside from direct application of genetic knowledge
to the clinical management of patients, the
discovery of IBMFS genes helps to conceptualise the
biological pathways involved in the pathogenesis of
IBMFSs and to develop novel therapeutic strategies.
Several groups have analysed specific genes in

individual IBMFSs. However, cohorts limited to one
disease may be biased by non-inclusion of atypical
or mild cases. Published data from several registries
that include patients with several common IBMFSs
suffer from substantial selection bias and inclusion
of retrospectively analysed cases.3 9 Owing to
substantial progress in understanding the clinical
and laboratory aspects of the IBMFSs over the last
10e15 years, retrospective surveys of IBMFSs
diagnosed many years ago may suffer from inclu-
sion or exclusion biases. Therefore the relative
prevalence of mutated IBMFS genes among the
whole population of IBMFSs, the types of muta-
tions, and the clinical characteristics of patients
who are difficult to diagnose at the genetic level is
not known. Such information is pertinent for
a rational approach to the genetic work-up of new
patients suspected of having an IBMFS, but whose
clinical manifestations overlap with several other
syndromes or do not fit the clinical diagnostic
criteria of known syndromes. Such information
about the spectrum of genetic alterations causing
IBMFSs can only be inferred from comprehensive
and population-based cohorts in whom all patients
with the disorders are enrolled in a prospective
manner. The Canadian Inherited Marrow Failure
Study (CIMFS) is such a study, which aims to enrol
all patients with IBMFSs in Canada. We analysed
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259 cases of patients with IBMFSs who were prospectively
enrolled in the study over almost 10 years. We investigated the
spectrum of genetic alterations causing IBMFSs and the clinical
characteristics of the patients. We hypothesised that, because of
genetic discoveries over the last decade, a large proportion of
patients with IBMFS can now be genotyped. We also hypoth-
esised that, because of the mixed ethnic origin of the Canadian
population, a proportion of the patients in this cohort carry
novel mutations. Further, we hypothesised that a population-
based study would reveal different frequencies of mutations
from previously published non-population-based studies.

METHODS
The Canadian Inherited Bone Marrow Failure Study
The CIMFS is a multicentre study, which was approved by the
institutional ethics board of all the participating institutions.
Patients have been prospectively enrolled since January 2001
after written consent was obtained from the patients or
guardians. The CIMFS is population-based, since the partici-
pating centres care for >95% of the eligible paediatric IBMFS
population in Canada. More than 90% of the patients in the
present study are from centres that, according to data provided
by the site co-investigator, enrol more than 80% of the patients
visiting their institutions. Patient information at presentation,
study entry and yearly follow-up appointments was collected
and included demographics, diagnosis, symptoms, family
history, physical malformations, laboratory tests, genetic tests
and imaging studies, treatment and outcomes.

Inclusion criteria and classification
Individuals who fulfilled the diagnostic criteria for an IBMFS
depicted in box 1 were recruited by haematologists at each
participating centre. In short, the criteria included two of the
following: (1) evidence of chronic bone marrow failure ($3
months); (2) evidence of an inherited disorder determined by
either family history or physical malformation or presentation
earlier than 1 year; (3) positive genetic testing. Each case was
categorised with a specific syndrome (eg, FA and DBA) according
to published diagnostic criteria (phenotypic and laboratory
findings).1 3 The criteria for the main IBMFSs are provided in
online supplementary table 1. Cases that fulfilled the diagnostic
criteria of an IBMFS but not the diagnostic criteria for any
known conditions were defined as unclassified IBMFS.

In the present analysis we included only cases of primary
IBMFSdthat is, disorders in which hypo-productive cytopenia is
a major component of the syndrome and occurs in the majority
of the patients such as FA and DBA. Bone marrow failure was
defined as reduced production caused by either hypoplasia
(eg, DC and FA), ineffective haematopoiesis with or without
maturation (eg, congenital dyserythropoietic anaemia and Kost-
mann/severe congenital neutropenia (K/SCN)) or bone marrow
release defects (eg, myelokathexis). Patients with these conditions
are routinely asked if they will enrol in the study at the partici-
pating centres. Patients with a diagnosis of acquired aplastic
anaemia, de novo MDSs, de novo leukaemia or haemoglobino-
pathies were excluded. Patients with an unclassified syndrome
who developed leukaemia without preceding bone marrow failure
or MDS were also excluded. Patients who were seen in more than
one centre (nine patients in total) were identified by the CIMFR
office coding information and were enrolled only once.

Specific screening test for IBMFSs
Chromosomal fragility testing was performed by metaphase
cytogenetics of stimulated peripheral blood cells in a clinically

certified laboratory at the treating centre or the Hospital for Sick
Children, Toronto. Telomere length was measured by fluorescence
in situ hybridisation (FISH) of telomere repeats in the Repeat
Diagnostic Laboratory, Vancouver, Canada. Testing for red blood
cell adenosine deaminase activity was performed by spectropho-
tometry in Stanford Clinical Laboratory, Stanford, California, USA.

Genetic testing
The majority of the genetic tests were performed in clinically
certified laboratories (mentioned in the Results section next to
each gene); a minority of the tests were performed in research
laboratories (YD, Hospital for Sick Children, Toronto) (online
supplementary table 2). Genetic testing was performed at the
discretion of the treating physician based on clinical phenotype,
family history, test availability, family wishes, insurance
coverage and results of screening tests such as adenosine
deaminase, telomere length and chromosomal fragility. Genetic
testing was not required for enrolment in the CIMFS.
After DNA extraction, most targeted genes were analysed by

bidirectional sequencing of individual exons and flanking
intronic regions after PCR amplification (eg, SBDS, DKC1 and
ELA2). In the case of FA, complementation groups were usually
determined by screening with retro-vectors carrying the various
genes, followed by sequencing of the respective gene.

Constitutional karyotype and FISH analysis
Testing for constitutional karyotype was performed by meta-
phase cytogenetics of stimulated peripheral blood T lymphocytes,
skin fibroblasts or buccal smears.

Box 1 Criteria for a diagnosis of an inherited bone marrow
failure syndrome

Fulfil one of the two following criteria
1. Fulfil the criteria for one of the inherited marrow failure

syndromes1 2

2. Have at least two of the following:
i. Signs of chronic bone marrow failure as defined by having
at least two of the following:
a. Chronic cytopenia(s) detected on at least two occasions

over at least 3 months.*
b. Reduced marrow progenitors or reduced clonogenic

potential of haematopoietic progenitor cells or evidence
of ineffective haematopoiesis.**

c. Persistent increase in haemoglobin F (over 3 months
apart).

d. Persistent red blood cell macrocytosis (over 3 months
apart) (not caused by haemolysis or a nutritional
deficiency).

ii. At least one of the following features which suggest an
inherited aetiology of chronic bone marrow failure:
a. First-degree relative of bone marrow failure.
b. Anomalies involving multiple systems to suggest an

inherited syndrome.
c. Presentation at age <1 year.

iii. Positive genetic testing for an IBMFS gene.
*Cytopenia was defined as follows: neutropenia, neutrophil count
<1.53109/l; thrombocytopenia, platelet count <1503109/l;
anaemia, haemoglobin concentration <2 SDs below mean,
adjusted for age.10

**Haemoglobinopathies with ineffective erythropoiesis and high
haemoglobin F were excluded.
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Statistical analysis
The c2 or Fisher exact test was used to determine statistical
significance of the differences in discrete clinical or demographic
parameters between groups. The Student t test was used for
analysis of quantitative variables. Non-parametric one-way
analysis of variance was also used to determine significance of
ethnic distributions and IBMFSs. p<0.05 was considered
significant. Statistical analysis was conducted through GraphPad
Prism 4 software.

RESULTS
The most prevalent IBMFSs are DBA, FA and SDS
During the period January 2001 to May 2010, 274 patients were
enrolled in the CIMFS. Of these, 259 had primary IBMFSs. The
other 15 had conditions that were occasionally associated with
bone marrow failure or have not been previously reported to be
associated with bone marrow failure, and were excluded from
the current analysis. Of the patients with primary IBMFSs, 41
belonged to 18 multiplex families and had relatives enrolled in
the study. Overall, the male to female ratio in the CIMFS was
1.05:1. The gender ratios for the various syndromes are shown in
figure 1.

In contrast with estimations from literature reviews,2 11 or
registries in which enrolment was not prospective,9 the most
prevalent condition was DBA (17%). The other common
conditions were FA (15.1%), SDS (13.5%), K/SCN (6.2%) and
DC (3.9%) (figure 1). The remaining classified patients were
diagnosed as having 11 different disorders, which included
glycogen storage disease 1b, thrombocytopenia with absent
radii, familial thrombocytopenia, congenital dyserythropoietic
anaemia and Barth syndrome. Interestingly, a large group of
patients with primary IBMFSs in our study were unclassified
(27%). These cases were deemed unclassifiable because they had
a constellation of clinical manifestations and laboratory tests
that did not fit the diagnostic criteria of any of the known
IBMFSs. An example family with an unclassified IBMFS includes
a father with aplastic anaemia and a son with pancytopenia
since birth, Tourette syndrome, no physical malformations,
normal chromosome fragility, moderately short telomeres,
normal exocrine pancreatic function and negative mutation
analysis for multiple genetic testing including genes for DC,

SDS, congenital amegakaryocytic thrombocytopenia, DBA and
mitochondrial disease.

The IBMFSs with the highest incidence are FA, DBA and SDS
We calculated the incidence of the IBMFS cases (diagnosed
relatively early in childhood; in the first 9 years of life) per 106

births based on the average birth rate in Canada (http://www.
indexmundi.com/canada/birth_rate.html). To do so, we selected
the cases enrolled in the CIMFS during their first 9 years of life,
as this correlated with analysis of data from the first 9 years of
the CIMFS (between January 2001 and December 2009). This
approach eliminates a potential bias caused by exclusion of
children who had been diagnosed earlier and died. To eliminate
bias from centres that are at early stages of enrolment of
patients, we included all cases from large paediatric centres
(Toronto, Halifax, Ottawa and Winnipeg), which enrolled >80%
of the patients. The total population served by these four centres
is 11 million (http://www.citypopulation.de/Canada-MetroEst.
html) with an average of 10.64 births per 1000 people per year
(http://www.statcan.gc.ca/). The annual disease birth rate was
calculated as the total number of children born with the diseases
(67) divided by the average births in this population per year
divided by the number of years of the analysis (9). The overall
annual incidence of IBMFSs was 64.5 per 106 births. Using this
analysis, the most common IBMFS was FA, with an annual
incidence of 11.4 per 106 births, followed by DBA and SDS, with
an incidence of 10.4 per 106 and 8.5 per 106 births, respectively
(table 1).

The diagnosis of IBMFSs is often delayed
The age of presentation with haematological or non-haemato-
logical features of an IBMFS ranged from birth to 206 months
(median age 1.75 months); however, a definitive diagnosis of
a specific category of an IBMFS was not established until later at
a median age of 22.62 months (range 0e206 months). Figure 2
shows the ages of presentation and diagnosis of the common
diseases. If a delay of 1 year is considered, the diseases with the
most frequent delays in diagnosis were DC (55.6%), SDS
(34.3%), FA (26.3%), DBA (20.5%) and K/SCN (18.8%) (p<0.05).

Figure 1 Distribution of primary inherited bone marrow failure
syndromes in this study.

Table 1 Incidence of diagnosed inherited bone marrow failure
syndromes

Disorder

Total number born and
diagnosed between January
2001 and December 2009

Annual incidence
of cases per 106

births*

Fanconi anaemia 12 11.4

DiamondeBlackfan anaemia 11 10.4

ShwachmaneDiamond
syndrome

9 8.5

Dyskeratosis congenita 4 3.8

Kostmann/severe congenital
neutropenia

5 4.7

Familial non-syndromic
thrombocytopenia

2 1.9

Congenital amegakaryocytic
thrombocytopenia

1 0.9

Barth syndrome 1 0.9

Glycogen storage disease 1B 1 0.9

WHIM syndrome 1 0.9

Unclassifiable 21 19.9

Total 68 64.5

*The calculation is based on 11 million people in the populations served by four large
collaborating centres, with >80% enrolment rates and an average of 10.64 per 1000 people
per year. The annual disease birth rate was calculated as the total number of children born
with the diseases between January 2001 and December 2009 divided by the average birth
rate per year divided by the number of years of the analysis (9), per 106 births. WHIM,
Warts, Hypogammaglobulinemia, Immunodeficiency, Myelokathexis syndrome.
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Family history helps to establish a diagnosis of an IBMFS in
one-quarter of the patients
Comprehensive data on family history were available for 255
patients from 241 families (figure 3). Of the 255 patients, 60 had

a first- or second-degree family member with a history of an
IBMFS (54 first-degree relatives and six second-degree relatives).
Of the 165 families for whom information about consanguinity
was available, 16 pairs of parents were consanguineous. Upon
analysis of familial aggregation between the most prevalent
conditions, 56% of K/SCN, 37% of SDS, 23% of unclassified
IBMFS, 21% of FA and 11% of DBA patients indicated a family
history of an IBMFS.

Genotype was determined in about one-half of the patients
tested
Targeted gene analysis was performed on 142 patients; 76
(53.5%) returned positive results. Thus, of the total population
included in the study (259), a mutation was identified in 29.3%
of patients. In 11 cases, genotyping solved diagnostic dilemmas;
however, no discrepancies were identified between clinical
diagnosis and genetic results.
A total of 16 genes were found to harbour mutations in our

study. Of the 66 patients who had had genetic testing but no
mutations were found, 30 had classified IBMFSs (ie, DBA, FA
and SDS) and 36 had an unclassifiable IBMFS. The classified
patients had typical features of the disease. This included, for
example, a patient with DC who had pancytopenia, leukoplakia,
developmental delay and dystrophic nails, but no mutations in
the DKC1, TINF2, TERT, TERC, NOP10 and NHP2 genes.
Another classified patient had DBA with pure red cell aplasia,
transfusion dependence since birth and short stature, but was
negative for RPS19, RPL5, RPL11, RPL35a, RPL24, RPS7, RPL26,
RPL10 gene mutations.
Figure 4 shows the prevalence of the various mutated genes

among the patients with positive genetic testing. Figure 5

Figure 2 Age at presentation and
diagnosis of the common inherited bone
marrow failure syndromes. (A) Fanconi
anaemia (FA); (B) DiamondeBlackfan
anaemia (DBA); (C)
ShwachmaneDiamond syndrome
(SDS); (D) dyskeratosis congenita (DC);
(E) Kostmann/severe congenital
neutropenia; (F) unclassified
syndromes.

Figure 3 Family history of the same inherited bone marrow failure
syndromes among the various categories of inherited bone marrow
failure syndromes. CAMT, congenital amegakaryocytic thrombocyto-
penia; CDA, congenital dyserythropoietic anemia; DBA, Diamonde
Blackfan anaemia; DC, dyskeratosis congenita; FA, Fanconi anaemia; FT,
familial thrombocytopenia; GSD1B, glycogen storage disease 1B; ISA,
inherited sideroblastic anemia; K/SCN, Kostmann/severe congenital
neutropenia; SDS, ShwachmaneDiamond syndrome; TAR, thrombocy-
topenia with absent radii; UC, unclassifiable; WHIM, Warts, Hypo-
gammaglobulinemia, Immunodeficiency, Myelokathexis syndrome.
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illustrates the prevalence of anaemia, neutropenia, thrombocy-
topenia and pancytopenia among the various mutated genes. By
far the most prevalent mutated gene among the patients in this
study was SBDS, which was mutated in 26 of the 76 patients
with IBMFSs, followed by FANCA. To correct for possible bias
due to differences in the percentage of patients with complete
testing among the various IBMFSs, we multiplied the proportion
of the gene frequency by the total number of patients with
a specific disorder (as if all patients with the disorder were
tested). Using this calculation, the most common IBMFS genes
were still SBDS, FANCA and RPS19, with predicted frequency
among the primary IBMFSs of 20%, 13.6% and 7.8%, respec-
tively.

The most common mutations were nonsense (31 alleles),
splice site (28 alleles) and missense (18 alleles). Deletions (small
or large), small insertions and indels were rare (table 2).

Of the 142 patients who had genetic testing, 67 tested nega-
tive for 257 tests, and no causative mutations were identified
(online supplementary data, table 3).

Mutations in SBDS
As mentioned above, SBDS was the most commonly mutated
gene in our series. All SDS patients with SBDS mutations were
compound heterozygous. The most common disease-related
alleles were c.258+2T/C (p.C84fsX3), c.183_184TA/CT
(p.K62X) and c.183_184TA/CT+c.258+2T (p.K62X+p.
C84fsX3) (table 2).

We identified two novel SBDS mutations. The first patient
had a novel mutation, c.388G/T (p.V130L), on one allele and
a common mutation, 183_184TA/CT (p.K62X), on the other
allele. The novel mutation is in the second domain of the SBDS
protein. This patient presented with classic features of SDS,
which included low neutrophil concentration and pancreatic
insufficiency (table 3, figure 6).
The second patient had a novel mutation, c.621+1G/A, on

one allele and a common mutation, c.258+2T/C (p.C84fsX3),
on the other allele. This mutation is predicted to cause splice site
mutation, frameshift and truncation eight amino acids down-
stream (p.C207fsX8). This patient had an atypical presentation
with no apparent extrahaematological features of SDS, but had
a significantly lower than normal neutrophil count (table 3,
figure 6).

Mutations in ribosome protein genes
Of the 22 clinically diagnosed patients with DBA who had had
genetic testing, six (27%) had mutations in RPS19 (table 2).
Three of the 10 patients with wild-type RPS19 were found to
have mutations in RPL5. On the basis of these limited numbers,
the estimated prevalence of RPL5 is 22% of the whole DBA
population. All mutations in the ribosome protein genes were
identified by direct sequencing, except for the RPL35a deletion,
which was found by metaphase cytogenetics. We identified
two novel RPL5 mutations. One of the patients had a novel
frameshift mutation in the RPL5 gene: c.83_86delCTGAinsTGG.
The mutation is predicted to cause frameshift and early trun-
cation of the protein (p.T27Mfs10X). This patient presented
with a severe clinical phenotype, which included severe anaemia,
mild thrombocytopenia, developmental delay, cleft lip and
hypoplastic radii (table 3, figure 6). Another patient had a novel
mutation, c.336delGinsCTA, which is also predicted to cause
frameshift and early truncation of the protein (p.R112SfsX15).
This patient also had severe clinical phenotype with severe
anaemia, developmental delay, cleft lip and hypoplastic radii.
Often, measurement of red blood cell adenosine deaminase

activity could not be performed in the patients who were
eventually diagnosed as having DBA. This was mainly because
they required urgent transfusion at presentation and frequent
transfusions thereafter. Another reason was that, once the
clinical and genetic diagnosis was made, the test was not
required for the management of the patients. Of the 13 patients
with DBA who had testing while not receiving transfusions, 10
had positive results. None of the eight patients who were
eventually deemed not to have DBA had raised red blood
cell adenosine deaminase activity (online supplementary data,
figure 1). The patients tested for adenosine deaminase activity
predominantly had anaemia at at least one stage of their disease.

Mutations in the FA pathway proteins
Among the FA population, six belonged to the FA-A group, five
to FA-C, two to FA-G, and one to FA-E. Four novel mutations in
FA genes were identified (table 2). Among these, a novel
homozygous c.1561G/T (p.G521X) mutation was identified in
exon 12 of the FANCG gene. This patient presented with char-
acteristic features of FA, which included thumb anomalies,
anaemia, thrombocytopenia and failure to thrive (table 3, figure
6). Two patients had a novel mutation in FANCA: c.1085T/C
(p.L362P). One patient presented with café au lait spots and
anaemia, thrombocytopenia and neutropenia. An additional
patient with FA had two novel mutations in FANCA: c.1827-?_
1900+?del and c.3239+1_3239+2insG. This patient did not
show any typical extrahaematological manifestations of FA

Figure 4 Distribution of mutated inherited bone marrow failure
syndrome genes in the study population.

Figure 5 Distribution of mutated inherited bone marrow failure
syndrome genes among patients with anaemia, neutropenia, thrombo-
cytopenia and pancytopenia.
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(table 3, figure 6). Six patients had positive complementation
testing suggesting mutations in FANCA, FANCC, FANCG and
FANCE genes, but the exact mutations were unavailable at the
time of data analysis. In three other cases, repeated attempts to
establish lymphoblastoid cell lines for complementation

grouping from the patients were unsuccessful because of poor
cell growth or the death of the patient before completion of the
testing.
Eighty patients had chromosome fragility testing because of

complete or partial phenotype that may be consistent with FA

Table 2 Genetic abnormalities found in our cohort of patients

Gene Disease Inheritance cDNA Protein Mutation type
Number of
patients

SBDS ShwachmaneDiamond Compound heterozygous c.183_184TA/CT/c.258+2T/C p.K62X/p.C84fsX3 Nonsense/splice site 13

SBDS ShwachmaneDiamond Compound heterozygous c.183_184TA/CT+c.258+2T/C /
c.258+2T/C

p.K62X/p.C84fsX3 Nonsense/splice site 6

SBDS ShwachmaneDiamond Compound heterozygous c.131A/G/c.258+2T/C p.E44G/p.K62X Missense/splice site 2

SBDS ShwachmaneDiamond Compound heterozygous c.258+2T/C/c.258+2T/C p.C84fsX3/p.C84fsX3 Splice site/splice site 1

SBDS ShwachmaneDiamond Compound heterozygous c.260T/G/c.258+2T/C p.I87S/p.C84fsX3 Missense/splice site 1

SBDS ShwachmaneDiamond Compound heterozygous c.183_184TA/CT/*c.388G/T p.K62X/p.V130L Nonsense/missense 1

SBDS ShwachmaneDiamond Compound heterozygous c.120delG/c.258+2T/C p.R39fsX18/p.C84fsX3 Frameshift/splice site 1

SBDS ShwachmaneDiamond Compound heterozygous c.258+2T/C/*c.621+1G/A p.C84fsX3/p.F207LfsX8__ Splice site/splice site 1

FANCA Fanconi anaemia Compound heterozygous c.3788-3790delTCT/Unknown p.F1263del/Unknown Deletion/unknown 1

FANCA Fanconi anaemia Compound heterozygous c.811C/T/c.2051T/C p.Q271X/p.L684P Nonsense/missense 1

FANCA Fanconi anaemia Compound heterozygous c.718C/T/*c.1085T/C p.Q240X/p.L362P Nonsense/missense 2

FANCA Fanconi anaemia Compound heterozygous *c.3239+1_3239+2insG/
*c.1827-?_1900+?del

p.1079RfsX35/p.A609fs? Insertion/deletion 1

FANCA Fanconi anaemia Homozygous c.3788_3790delTCT/ c.3788_
3790delTCT

p.F1263X/p.F1263X Nonsense/nonsense 2

FANCC Fanconi anaemia Homozygous c.IVS4+4A/T p.G116_N152del Splice site/splice site 2

FANCC Fanconi anaemia Homozygous c.322delG p.D23IfsX23 Nonsense/nonsense 1

FANCC Fanconi anaemia Compound heterozygous c.67delG/c.553C/T p.D23fsX24/p.R185X Frameshift/nonsense 1

FANCC Fanconi anaemia Unavailable Unavailable Unavailable Unavailable 2

FANCE Fanconi anaemia Unavailable Unavailable Unavailable Unavailable 1

FANCG Fanconi anaemia Homozygous *c.1561G/T p.G521X Nonsense 1

FANCG Fanconi anaemia Compound heterozygous c.1480+1G/C/c.244dupG p.T81fsX307 Splice site/frameshift 1

RPS19 DiamondeBlackfan Heterozygous c.144C/A p.Y48X Nonsense 2

RPS19 DiamondeBlackfan Heterozygous c.3G/T p.M1I Missense 1

RPS19 DiamondeBlackfan Heterozygous c.49G/C p.A17P Missense 1

RPS19 DiamondeBlackfan Heterozygous c.250_251delAG p.R84LfsX69 Frameshift 1

RPS19 DiamondeBlackfan Heterozygous Unavailable Unavailable Unavailable 1

RPL5 DiamondeBlackfan Heterozygous *c.83_86 delCTGAinsTGG p.T2MfsX10 Frameshift 1

RPL5 DiamondeBlackfan Heterozygous c.175_176delGA p.D59YfsX53 Frameshift 1

RPL5 DiamondeBlackfan Heterozygous *c.336delGinsCTA p.R112SfsX15 Frameshift 1

RPL35a DiamondeBlackfan Heterozygous Del(3q27-29) No translation Deletion 1

TINF2 Dyskeratosis congenita Heterozygous c.847C/T p.P283S Missense 1

TINF2 Dyskeratosis congenita Heterozygous c.844C/T p.R282C Missense 1

TINF2 Dyskeratosis congenita Heterozygous c.860T/C p.L287P Missense 1

TINF2 Dyskeratosis congenita Heterozygous c.845G/A p.R282H Missense 1

DKC1 Dyskeratosis congenita Hemizygous c.IVS12+1G/A p.A386fsX1 Splice site 1

DKC1 Dyskeratosis congenita Hemizygous c.112_116delATCAAinsTCAAC p.T38SfsX31 Indel 1

ELA2 Kostmann/severe congenital
neutropenia

Heterozygous c.97C/L p.C97L Missense 2

ELA2 Kostmann/severe congenital
neutropenia

Heterozygous c.674C/A p.225X Nonsense 1

ELA2 Kostmann/severe congenital
neutropenia

Heterozygous c.4981delG p.A294fsX210 Frameshift 1

ELA2 Cyclic neutropenia Heterozygous c.597G/A p.V161F Missense 1

ELA2 Cyclic neutropenia Heterozygous c.635+5G/A p.G211RfsX__ Splice site 1

G6PT Glycogen storage 1b Compound heterozygous c.464del10ins3C/c.1211delCT p.G155fsX/p.A400X Insertion/deletion 1

G6PT Glycogen storage 1b Compound heterozygous c.1042-1043delCT/*c.1019-
1038delTCTCCTCGTATGGCCCCATT

p.L348fsX/p.F340CfsX55 Frameshift 1

G6PT Glycogen storage 1b Unavailable Unavailable Unavailable Unavailable 2

TAZ Barth syndrome Hemizygous c.688delG/C p.R230AfsX9 Nonsense 1

TAZ Barth syndrome Hemizygous c.688G/C p.G124R Missense 1

TAZ Barth syndrome Hemizygous Unavailable Unavailable Unavailable 4

cMPL Amegakaryocytic
thrombocytopenia

Homozygous *c.304C/T p.R102C Missense 2

CXCR4 WHIM syndrome Heterozygous c.1000C/T p.R344X Nonsense 1

COH1 Cohen’s syndrome Compound heterozygous c.1504C/T/c.6732+1G/A p.R502X/p.V2245fsX17 Nonsense/splice site 1

Unavailable denotes mutations that were identified but the exact mutation was not provided to the CIMFR. WHIM, Warts, Hypogammaglobulinemia, Immunodeficiency, Myelokathexis
syndrome.

6 of 11 Tsangaris E, Klaassen R, Fernandez CV, et al. J Med Genet (2011). doi:10.1136/jmg.2011.089821

Original article

 group.bmj.com on June 14, 2011 - Published by jmg.bmj.comDownloaded from 

http://jmg.bmj.com/
http://group.bmj.com/


(online supplementary data, figure 2). Chromosome fragility is
rarely increased in patients who do not have FA. In our series,
four non-FA patients had increased chromosome fragility. Chro-
mosome fragility was increased after diepoxybutane treatment
(in four cases), with mytomycin C (one case) or spontaneously
(one case). However, in all cases, the break number was still
below the FA range for breaks per cell and for cells with breaks.

Mutations in telomere maintenance genes
Four of the 10 patients with a clinical diagnosis of DC had
mutations in TINF2; all were from different families. All iden-
tified TINF2 mutations were in exon 6 and clustered in the end
of the TRF-1 binding domain: p.P283S, p.R282C, p.L287P and
p.R282H (table 2). TINF2 mutations seem to be de novo, since
all the parents of these severely affected children were healthy
and had normal blood counts. In two of the families, the parents
were tested for mutations in TINF2 and were found to be
negative. In addition, of the patients with DC who were tested
for the remaining DC-related genes, only two male patients had
a mutation in the DKC1 gene, and none had mutations in TERC,
TERT, NHP2 or NOP10. Seventeen patients had telomere length
testing because of a complete or partial phenotype that might be
consistent with DC (online supplementary data, figure 3). Three
patients with DC had telomere studies, which showed very
short telomeres (lower than the first centile of the normal
distribution range for age) of peripheral blood lymphocytes or
cord blood. Peripheral blood lymphocytes from an additional
seven of 14 patients with unclassified IBMFSs had very short
telomeres; however, these patients remain unclassified, as they

did not have the classic clinical manifestations of DC, and
genetic testing of DC genes was negative. Patients with
unclassified IBMFSs who were found to have very short telo-
meres were managed as DC patients even though the causative
mutation was not identified. The discovery of more DC genes is
necessary to determine whether such patients have DC of
a different disease. It is noteworthy that patients with IBMFSs
other than DC can also have very short telomeres,12 like one of
our patients with FA in this study.

Mutations in neutropenia-associated genes
Of the 11 patients with K/SCN (ie, severe neutropenia and
maturation arrest at the bone marrow promyelocyte/myelo-
cyte), seven were tested for mutations in the ELA2 gene; four of
them had heterozygous mutations (table 2). Two of the patients
with cyclic neutropenia tested positive for ELA2. The gene was
analysed in an additional 10 patients with unclassified inherited
neutropenia; all were negative. HAX1 was analysed in two
patients with K/SCN and in an additional nine patients with
unclassified inherited neutropenia; all were negative.
Other mutated neutropenia genes identified in our patient

cohort included TAZ (6), G6PT (4), COH1 (1) and CXCR4 (1)
(table 2). A novel mutation in the G6PT gene, which encodes
glucose 6-phosphate transporter, was found in one patient with
glycogen storage disease type 1b: c.1019-1038delTCTCCTCG-
TATGGCCCCATT. The mutation is predicted to cause
frameshift and downstream truncation of the protein
(p.F340CfsX55). This patient had classic features of glycogen
storage disease type 1b.

Table 3 Characteristic clinical features of patients with novel mutations

Gene Mutation Haematological features Non-haematological features Bone marrow aspirate

SBDS *c.388G/T/c.183_184TA/CT Anaemia, thrombocytopenia,
neutropenia, high MCV, high HbF

Developmental delay, pancreatic
insufficiency, rib abnormalities, eczema,
atrial septal defect, failure to thrive

Normocellular, decreased
megakaryocytes, decreased
granulopoiesis

SBDS *c.621+1G/A/c.258+2T/C Mild to moderate, thrombocytopenia,
severely low neutrophil count

Recurrent otitis media, mild hearing loss Hypocellular, decreased
megakaryocytes, decreased
granulopoiesis

RPL5 *c.83_86 delCTGAinsTGG Anaemia, thrombocytopenia, normal
neutrophil count, high MCV, low HbF
at birth (presently normal)

Developmental delay, cleft lip, patent
ductus arteriosus, moderate patent
foramen ovale, hypospadias, hydrocele,
intra-abdominal right testicle, hypoplastic
radii and thumbs, scaphocephaly, deep
set eyes, upturned ear lobules, gastro-
oesophageal reflux, gastric dysmotility

Hypocellular, markedly decreased
erythropoiesis (<1% of marrow cells)

RPL5 *c.336delGinsCTA Severe anaemia Developmental delay, cleft lip, hypoplastic
radii

Red blood cell hypoplasia

FANCA *c.1827-?_1900+?del/*c.3239+
1_3239+2insG

Anaemia, thrombocytopenia,
neutropenia, elevated chromosomal
fragility with diepoxybutane and
mitomycin C

Persistent and prolonged perianal lesions,
axillary freckling, dental caries, immune
deficiency

Normocellular, dysplastic
megakaryocytes with small and
hypolobulated forms, dysplastic
erythropoiesis, dysplastic
granulopoiesis with marked
hypersegmentation and giant bands

FANCA c.1085T/C/c.718C/T Anaemia, thrombocytopenia,
neutropenia, high MCV, elevated
chromosomal fragility with
diepoxybutane and mitomycin C

Café au lait, hypertelorism, low set
small ears, long filtrum, high and
small right testicle, small fingers

Hypocellular, reduced megakaryocytes
dysplastic neutrophils in granulopoiesis,
mild dyserythropoiesis

FANCG c.1561G/T / c.1561G/T Anaemia, thrombocytopenia, elevated
chromosomal fragility with
diepoxybutane and mitomycin C

Conjoint kidney, abnormal duodenal
bulb, thumb abnormalities, slight
systolic murmur, failure to thrive

Hypocellular, reduced
megakaryocytes

cMPL c.304C/T / c.304C/T Anaemia, thrombocytopenia Arachnoid cyst Severely hypocellular, absent
megakaryocytes, decreased
erythropoiesis but mainly
normoblastic with few dyspoietic
forms, left shifted granulopoiesis

G6PT c.1019-1038
delTCTCCTCGTATGG CCCCAT /
c.1042-1043delCT

Intermittent severe neutropenia,
thrombocytopenia

Developmental delay, enlarged liver,
hypertension, poor hearing, echogenic
kidneys, hydrocephalus

Normocellular, adequate megakaryocytes,
relative increase in myelocytes and a
relative paucity of neutrophils

*Novel mutation.
HbF, haemoglobin F; MCV, mean corpuscular volume.
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Mutations in haematopoietic receptor genes
Two patients with congenital amegakarytocytic thrombocyto-
penia had mutations in cMPL. Interestingly, both had the same
novel mutation: c.304C/T (p.R102C). One of the patients did
not have any extrahaematological features, similar to most
patients with congenital amegakaryocytic thrombocytopenia.
The second patient presented with a cystic fourth ventricle and
DandyeWalker syndrome (table 3, figure 6).

Mutations in patients with leukaemia or severe phenotype
Of the 74 patients with identified mutations, nine developed
leukaemia or refractory cytopenia with excess blasts (eight acute
myeloid leukaemia/refractory cytopenia with excess blasts and
one acute lymphoblastic leukaemia). Two of these patients had
SDS: one carried a c.183_184TA/CT/c.258+2T/C (nonsense/
splice site) mutation and the other had a c.258+2T/C/c.258
+2T/C (splice site/splice site) mutation. Of the other patients
who did not have identifiable mutations, there was one with K/
SCN with combined mutations in ELA2 (c.4981delG) and in
GCSFR (c.850C/A), two with FA with unknown mutations,
and four with unclassified IBMFSs.

We also calculated the correlation between nonsense, missense
or splice mutations and severity of the cytopenia (defined as

haemoglobin <70 g/l or need for transfusions; platelets
<203109/l or need for transfusions; neutrophils <0.53109/l or
a need for treatment with granulocyte colony stimulating
factor). No significant correlations were found.

DISCUSSION
This is the first study to analyse the genetic basis of a compre-
hensive cohort of patients with IBMFSs. Our study shows that
the IBMFS group comprises common known categorised
syndromes such as DBA, SDS and FA, less common categorised
syndromes such as congenital amegakaryocytic thrombocyto-
penia, as well as a large group of unclassified cases. Recent
advances in understanding the genetic basis of the IBMFSs were
evident from our ability to positively genotype over 50% of the
patients. Sixteen genes were mutated, and nine novel mutations
were identified. It is noteworthy that deletions of w1 kb to 3
Mb in chromosome areas of IBMFS genes may not be detectable
by conventional sequencing and metaphase cytogenetics. For
example, the finding of only heterozygous mutations in auto-
somal recessive diseases may be due to missed deletion of the
other allele.
Among the patients with positive genetic testing, we found

mutations in 16 genes, which are involved in a variety of
biochemical pathways. SBDS, presently the only known SDS
gene, was far more common than any other gene in this study.
This is in sharp contrast with previous studies,3 9 in which fewer
patients with SDS were included. Possible reasons for this
difference include the population-based or prospective enrol-
ment design of our study and differences in study populations
and referral patterns. SBDS is probably a multifunctional gene
that plays a role in ribosome biogenesis,13 14 cell survival,10 15

chemotaxis16 and mitotic spindle stabilisation.17 Although SDS
was less prevalent than DBA and FA, it seems to be a relatively
genetically homogeneous disorder, as the vast majority of the
patients with SDS have mutations in SBDS. Among the other
common IBMFSs that appear more genetically heterogeneous,
each of their associated genes was mutated in a small number of
patients. SBDS was mutated in 85% of the patients with SDS
testedda slightly lower percentage than previous reports.6 The
other 15% of the patients were diagnosed on the basis of clinical
characteristics, and probably have mutations in an additional, as
yet unknown, SDS gene(s).
Two novel mutations in SBDS were found in this study. It is

interesting that the patient with the novel mutation,
p.C207fsX8, in the C-terminus domain of the protein had
neutropenia without apparent pancreatic dysfunction or physical
malformation. Cases of SDS with mutations in the C-terminal
region of the protein are rare, but further studies of such cases
may indicate a different functional domain of SBDS, which is
related to haematopoiesis or pancreatogenesis. In addition, this
case underscores the importance of SBDS gene sequencing in
cases of chronic neutropenia of unknown aetiology.
DBA has recently been identified as a genetically heterogeneous

disease. All the known DBA proteins are structural components
of either the small or large ribosomal subunits.5 18e20 The
most common mutated DBA gene reported in the literature is
RPS19, which is mutated in w25% of the patients: this was
also seen among the Canadian DBA population in our study.
RPL5 is the second most commonly mutated gene in DBA
(12e21%).19e21 Based on small numbers, we estimated the
prevalence of mutations in RPL5 among the tested Canadian
population to be 22%; however, this needs to be validated after
testing a larger number of patients with DBA. Both novel RPL5
mutations (p.T27Mfs10X and p.R112SfsX15) appeared in

Figure 6 Novel mutations found in this study in the following
genes. The figure indicates the various mutations and the exon
location. (A) SBDS; (B) RPL5; (C) FANCA; (D) FANCG; (E) cMPL;
(F) G6PT.
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patients with severe haematological and non-haematological
manifestations. This is in agreement with a previous report.19 An
additional patient had deletion of one RPL35a allele due to
a larger deletion of chromosome 3q27-29. Other DBA genes are
mutated in a small proportion of the patients.

FA is another genetically heterogeneous disease. The FA genes
may have a variety of functions, but all belong to the FA
homologous recombination DNA repair pathway.8 FANCA and
FANCC were the most commonly mutated genes in our study,
which is consistent with the literature. Four novel mutations in
FANCA and FANCG were identified in our series. The novel
FANCA mutation, c.1827-?_1900+?del/c.3239+1_3239+2insG,
appeared in a patient without extrahaematological manifesta-
tions, which underlines the importance of testing patients with
isolated bone marrow failure for chromosomal fragility before
the start of treatment. There are certain problems when genet-
ically testing patients with FA, including early death of the
patient and failure to establish lymphoblastoid cell lines for
complementation testing. Direct sequencing without prior
complementation screening should be considered; however, it is
laborious and costly, and thus was attempted in only a small
number of patients in this series.

Multiple genes have been associated with DC.22e28 The most
common DC gene in our study was TINF2, with a relatively
high prevalence of 40%. The prevalence in the literature is
11e25%.29 Recruitment of additional patients will be important
to validate the high frequency of TINF2 mutations among the
Canadian DC population and to determine relative frequencies
of the other DC-related genes. In the present series, two of the
10 DC patients had mutations in DKC1. The incidence of the X-
linked disease was originally estimated to be >50%, but with the
identification of more DC genes, the true incidence seems lower
and was recently estimated to be 30%.7

Another genetically heterogeneous IBMFS is the K/SCN
group. ELA2 was mutated in most patients with K/SCN who
were tested. The prevalence of ELA2 mutations seems to be
higher in North America than in Europe, and was reported in
about 40e80% of the K/SCN patients.30 31 In the present series,
the patients with ELA2 mutations had classical K/SCN features,
with severe neutropenia and differentiation arrest at the
promyelocyte stage. Of the 10 patients with inherited neutro-
penia without bone marrow promyelocyte differentiation arrest,
none had ELA2 mutations. ELA2 mutations may occur in
patients with severe congenital neutropenia and maturation
arrest at the promyelocyte stage, but rarely in patients without
this feature. HAX1 was reported to be mutated in 40% of
patients with K/SCN in a European study,32 but in none of the
patients in the American studies,31 and in none of the patients in
the present study. This suggests that HAX1 mutations are more
common in specific European ethnic groups. One patient in our
study had digenic germline mutations in ELA2 and the extra-
cellular domain of G-CSFR and was published previously.33

Other K/SCN genes are rare.31 33

Identification of the genetic cause positively affected patient
management in several aspects. In all cases, genotyping led to
the determination of transmission mode (ie, autosomal domi-
nant, autosomal recessive, de novo, etc), which allowed accurate
assessment of the risk of other family members carrying the
same genetic alteration. Family history and genetic testing
solved diagnostic dilemmas in 11 cases. Importantly, identifying
the disease-causing alterations permitted accurate prediction of
future offspring risk and facilitated prenatal diagnosis. These
were particularly relevant to three of the patients in the study
who reached adulthood at the time of the analysis. In two cases,

the disease was confidently ruled out in sibling donors for
haematopoietic stem cell transplantation. In some cases it was
possible to better explain specific phenotypes; for example, the
three patients with a RPL5 mutation had severe non-haemato-
logical manifestations such as cleft lip and palate (two patients),
thumb anomalies (two patients) and growth hormone defi-
ciency (one patient). We found that establishing a diagnosis of
IBMFS is often delayed, sometimes for over a year after
presentation. Future studies are necessary to determine whether
the delay is related to the progressive nature of certain disease
features until the respective diagnostic criteria are evident (eg,
cytopenia in FA or nail dystrophy in DC), lack of sufficient
diagnostic screening tools (eg, for patients with pure cell aplasia
who are receiving chronic transfusions and consequently the red
blood cell adenosine deaminase testing is not informative), lack
of sufficient genetic tests, or a need for acuity on the part of
treating physicians.
Establishing a diagnosis based solely on clinical features is

often impossible because of substantial overlap of haemato-
logical and non-haematological manifestations and late devel-
opment of characteristic features of individual conditions.4

Therefore the study of genes mutated in IBMFSs is critical for
establishing a diagnosis and providing proper treatment and
genetic counselling.
Owing to the comprehensive, population-based design of our

study with prospective enrolment, the relative prevalence of the
IBMFSs was different from non-population-based or non-
prospective studies.3 9 Also, several important differences were
noted between prevalence and incidence of diagnoses per births.
FA had the highest incidence per birth followed by DBA and
SDS. However, FA had lower prevalence than DBA. This is
probably due to a higher mortality from FA than DBA among
patients diagnosed in childhood. Indeed, among the patients
who were diagnosed before the age of 18 years, 15.4% of those
with FA died compared with none of those with DBA (p<0.01).
The most common causes of death in our FA population were
transplant-related mortality (typically multiorgan failure with
acute respiratory distress syndrome, cardiomyopathy, renal
failure, liver dysfunction or fungal infections) and post-trans-
plant graft versus host disease. Other explanations for differ-
ences between the incidence and prevalence of an IBMFS are
also possible and include changes in birth rates as a result of
prenatal diagnostic tools and loss of follow-up due to sponta-
neous amelioration of phenotype or cure. Another interesting
difference between incidence and prevalence was in DC. The
incidence of DC was one-third of that of FA, 37% of that of
DBA, and 45% of that of SDS, but the prevalence was much
lower. Again, this is probably related to high mortality of
patients with DC diagnosed in the first decade of life. Among
patients diagnosed before the age of 18, the crude mortality for
DC was 40% compared with 0% for DBA (p<0.01). The
difference in crude death rate between FA (15.4%) and DC
(40%) children did not reach significance (p¼0.12), probably
because of the relatively small number of patients with DC.
Among our DC cohort, the most common causes of death were
massive gastrointestinal bleeding, pulmonary fibrosis and post-
transplant lymphoproliferative disorder. It is noteworthy that
the birth incidence was calculated on the basis of diagnosed
cases in the first 9 years of life, since opening of the study in
2001 until 2009. Although the majority of our patients were
diagnosed at this stage, this is an underestimate. The magnitude
of underestimation may prove to be even higher if advances in
diagnostic tools reveal that a large proportion of the patients
present in adulthood.
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The present research is the largest population-based,
prospective and comprehensive analysis of all the IBMFSs and
gives a broad perspective on their genetic basis. However, one of
its limitations is the relatively small population size of specific
categories of IBMFSs. Therefore the spectrum of mutations in
a specific category of IBMFS needs validation by future recruit-
ment of additional patients from each category. As the CIMFS
database is a registry of information collected from multiple
centres, it reflects genetic discoveries made in the clinical setting
and clinical application of genetic knowledge. Although infor-
mation on the application of scientific knowledge to clinical
practice is critically important, it has the limitation of incom-
plete testing of all patients because of differences in clinical
practice and financial coverage of tests, as well as a relatively
small number of patients who are tested for recently identified
genes, such as RPS7, which is mutated in patients with DBA,
NOP10 in patients with DC, and G6PC3 in patients with
congenital neutropenia. As these genes were reported to be
mutated in a very small proportion of patients with IBMFSs,
together they probably account for less than 5e10% of the
patients in our study. Therefore the lack of information on these
genes probably does not affect the conclusions of the study
about the prevalence of the major genetic groups. Analysis of all
the IBMFS-causing genetic alterations awaits the completion of
the continuously growing list of known IBMFS genes.
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